We report a ground-based detection of the [O I] 63-µm line in a z = 6.027 gravitationally lensed dusty star-forming galaxy (DSFG) G09.83808 using the APEX SEPIA 660 receiver, the first unambiguous detection of the [O I] 63 line beyond redshift 3, and the first obtained from the ground. The [O I] 63 line is robustly detected at 22±5 Jy km s −1 , corresponding to an intrinsic (de-lensed) luminosity of (5.4 ± 1.3) × 10 9 L . With the [O I] 63 /[C II] luminosity ratio of 4, the [O I] 63 line is the main coolant of the neutral gas in this galaxy, in agreement with model predictions. The high [O I] 63 luminosity compensates for the pronounced [C II] deficit ([C II]/FIR 4 × 10 −4 ). Using photon-dominated region models, we derive a source-averaged gas density n = 10 4.0 cm −3 , and far-UV field strength G = 10 4 G 0 , comparable to the z = 2 − 4 DSFG population. If G09.83808 represents a typical high-redshift DSFG, the [O I] 63 line from z = 6 non-lensed DSFGs should be routinely detectable in ALMA Band 9 observations with ∼15 min on-source, opening a new window to study the properties of the earliest DSFGs.
INTRODUCTION
Although thousands of the sub-millimeter bright, dusty star-forming galaxies (DSFGs) have been discovered at z = 2 − 5 (e.g., Casey, Narayanan, & Cooray 2014) , the number of known DSFGs drops precipitously at z ≥ 5: only a handful of z ≥ 6 DSFGs have been discovered to-date (Riechers et al. 2013; Decarli et al. 2017; Strandet et al. 2017; Zavala et al. 2018b ). These dust-laden sources provide evidence for intense starformation and interstellar medium (ISM) enrichment within the first Gyr of cosmic history, and extremely efficient baryon conversion. Characterizing the conditions of their star-forming ISM -particularly the gas density of the star-forming clouds and the FUV radiation field illuminating them -is a key to understanding these extreme sources.
Far-IR fine-structure lines of [C II], [O I] and [C I] and the CO rotational lines are the key diagnostics of the neutral and molecular gas in the star-forming clouds. By comparing the observed line and continuum fluxes to photochemical models, the ISM properties such as the gas density (n) and the strength of the incident FUV radiation (G) can be inferred. Indeed, CO and [C II] lines have been instrumental in studying the ISM of z = 2 − 5 DSFGs (e.g., Stacey et al. 2010; Gullberg et al. 2015; Wardlow et al. 2017; Zhang et al. 2018; Rybak et al. 2019b ) down to sub-kpc scales (Lamarche et al. 2018; Yang et al. 2019; Rybak et al. 2019a) ; these have revealed a dense ISM (n=10 3 − 10 5 cm −3 ) exposed to strong FUV fields (G = 10 2 − 10 5 G 0 ) 1 .
At z ≥ 5, our toolkit for studying the neutral starforming ISM becomes much more limited. While the ALMA has enabled routine studies of the [C II] 158-µm (e.g., Decarli et al. 2017; Smit et al. 2018) and [O III] 88-µm emission (e.g., Inoue et al. 2016; Carniani et al. 2017; Hashimoto et al. 2019; Harikane et al. 2019) , the former arises from both the ionized and neutral ISM, while the latter is associated with H II regions. The low-J CO lines become extremely difficult to detect due to both their intrinsic faintness and the elevated cosmic microwave background (CMB) temperature (e.g., da Cunha et al. 2013) . Although mid-J CO lines remain detectable at z ≥ 5, their interpretation is sensitive to the details of radiative transfer assumptions (e.g., optical depth and turbulence, Popping et al. 2019) (Kaufman et al. 1999 (Kaufman et al. , 2006 Narayanan & Krumholz 2017) . With a critical density n crit 5 × 10 5 cm −3 , [O I] 63 traces much denser ISM than the [C II] emission (n crit = 3×10 3 cm −3 for collisions with hydrogen in PDRs). Indeed, cosmological hydrodynamical simulations (e.g., Olsen et al. 2017; Katz et al. 2019) predict [O I] 63 to be the most luminous FIR line in star-forming galaxies at the highest redshifts. Unlike CO emission, the [O I] 63 line is not strongly affected by the CMB background and local excitation conditions; and unlike [C II], it is directly associated with the neutral ISM.
Ground-based studies of the [O I] 63 emission at z ≥ 1 have been limited by the atmospheric absorption at submm wavelengths. Above the atmosphere, the [O I] 63 emission from z ∼ 0 (ultra) luminous infrared galaxies (ULIRGs) has been extensively studied with ISO (Brauher et al. 2008) and Herschel (Graciá-Carpio et al. 2011; Herrera-Camus et al. 2018a; Díaz-Santos et al. 2017) . Unfortunately, at z ≥ 1, the limited collecting area and on-source time resulted in only ∼ 15 [O I] 63 detections (Ivison et al. 2010; Sturm et al. 2010; Brisbin et al. 2015; Coppin et al. 2012; Wardlow et al. 2017; Zhang et al. 2018) , mainly in gravitationally lensed galaxies, and only out to z 3 (Zhang et al. 2018) . However, at z ≥ 5.5, [O I] 63 is redshifted into ALMA Band 10, and at z ≥ 6.0, into ALMA/APEX Band 9, making it observable from the ground. In this Letter, we report the first ground-based detection of the [O I] 63 line from a z = 6.027 strongly lensed DSFG, achieved using APEX SEPIA 660 spectroscopy.
OBSERVATIONS
We targeted G09.83808 (J2000 09:00:45.8 +00:41:23), a z = 6.027 strongly gravitationally lensed DSFG 2 , discovered in the Herschel H-ATLAS survey. Zavala et al. (2018b) obtained a robust spectroscopic confirmation from [C II] (Sub Millimeter Array, SMA) and CO (5-4)/(6-5) and H 2 O lines (Large Millimeter Telescope, LMT). Using high-resolution ALMA Band 7 imaging, Zavala et al. (2018b) confirmed that G09.83808 is strongly gravitationally lensed, with a FIR magnification µ FIR 9. Based on the FIR and mm-wave spectroscopy, G09.83808 has a source-plane FIR luminosity L FIR = (3.8±0.5)×10 12 L (8-1000 µm), corresponding to a star-formation rate SFR of ∼ 650 M yr −1 (assuming the Salpeter initial mass function, Kennicutt 1998 ). Due to its strongly lensed nature and fortuitous redshift, G09.83808 is ideally suited for [O I] 63 observations.
The observations were carried out using the Atacama Pathfinder EXperiment (APEX) 12-m telescope, and the Swedish ESO PI (SEPIA) Band 9 receiver (Belitsky et al. 2018; Hesper et al. 2017; Hesper et al. 2018) , as a part of the NOVA Guaranteed Time Observations (Proposal 0104.B-0551, PI: Rybak).
The observations were carried out in two blocks: 2019 October 28 (5.6 h total time, 97 min on-source, source elevation 41-66 deg) and 2019 November 6 (2.6 h total time, 36 min on-source, source elevation 39-70 deg).
The observations were conducted in an on/off mode, with the secondary wobbler frequency of 1.5 Hz. For the Oct 28 observations, the initial pointing and calibration was done on R Dor; for the Nov 6 observations, using o-Ceti. The band-pass calibration and intermediate calibration and pointing checks were performed using IRC+10216 on both dates. Two scans on Oct 28 were aborted due to tracking errors.
The observing conditions were excellent, with the precipitable water vapour of 0.45-0.55 mm (Oct 28) and 0.30-0.35 mm (Nov 6), corresponding to an atmospheric transmission of 0.6-0.8 at 675.2 GHz. The total observing time was 8.2 h, with 133 min on-source time.
The frequency setup consisted of two sidebands, each consisting of two spectrometers with 4096 channels 0.9765 MHz (0.43 km s −1 ) wide, giving a total bandwidth of 8 GHz per sideband. For both the October 28 and November 6 observations, we used two separate tunings with the line-containing spectrometer centered at 673.920 GHz (44.3 min on-source) and 674.920 GHz GHz (53.1 min on-source), respectively.
At the observed line frequency of 675.220 GHz, the APEX primary beam full-width at half maximum (FWHM) is 9.2 arcsec, compared to the G09.83808 image separation of ∼ 2 arcsec. Although DSFGs show high multiplicity (e.g., Hodge et al. 2013; Decarli et al. 2017) , the high-resolution SMA (∼ 2 arcsec) and ALMA imaging (∼ 1.2 arcsec) did not detect and FIR-or [C II] bright companion source to G09.83808. The observed [O I] 63 emission can be thus unambiguously assigned to G09.83808.
The data was reduced using the Gildas CLASS package 3 . Each tuning was processed separately, before combining the data. The two linear polarizations were combined into the Stokes I. After windowing the channels containing the line or the atmospheric lines, we subtract the continuum by fitting a linear slope to the central 98 % channels of each integration, before combining the data together.
RESULTS AND DISCUSSION

Line detection
We detect the [O I] 63 line at 675.45 GHz 4 (Figure 1) , with a peak flux of 2.3±0.6 mK for 44 km s −1 binning (100 MHz, 3.9σ detection), and 2.08±0.40 mK (5.3σ) for 100 km s −1 (225 MHz) binning. The line is separately detected at 3.8σ (100 MHz bandwidth) in the 2019 October 28 scan. The signal is well-separated from the O 3 atmospheric lines at 673.9, 676.1 and 679.3 GHz. We derive the [O I] 63 line flux by fitting the combined, continuum-subtracted spectra with a Gaussian profile.
We processed the data using different channel binning, continuum subtractions and weighting of individual datasets; the line detection is robust against these changes. To account for the atmospheric features, we report the detection with respect to the noise calculated directly from the scatter in the data (gray shading in Figure 1 , rather than the system temperature from Gildas.
Converting the antenna temperature into flux density using the antenna conversion factor of 70 Jy/K, we obtain a line flux of I [OI]63 = 22 ± 5 Jy km s −1 , with FWHM=130±40 km s −1 . This corresponds to a skyplane [O I] 63 luminosity of L [OI] = (5.4 ± 1.2) × 10 10 L . Adjusting for the FIR-based magnification of µ FIR = 9.3±1.0 (Zavala et al. 2018b) , this translates to a sourceplane luminosity of L [OI] = (5.8 ± 1.3) × 10 9 L . We do not measure the rest-frame 63-µm continuum flux-density, due to the limited total-power stability of the SEPIA 660 receiver.
Comparison to [CII] and CO lines
We now compare our [O I] 63 line to the [C II], CO(6-5) and (5-4) spectra from Zavala et al. (2018b) . As all the line observations are unresolved, we assume the same magnification factor as for the FIR continuum. The two-image configuration of G09.83808 limits the effect of differential lensing, as the magnification does not vary dramatically across the source. However, highresolution studies of z ≥ 2 DSFGs have shown that the [C II] emission can be substantially more extended than FIR continuum (Gullberg et al. 2018; Lamarche et al. 2018; Litke et al. 2019; Rybak et al. 2019b,a) , and thus only a fraction of the [C II] emission might be associated with the [O I] 63 and FIR emission.
Compared to the [C II] luminosity from Zavala et al. (2018b) , the [O I] 63 line is ∼4 times brighter, and 100 times brighter than the CO(6-5)/(5-4) and H 2 O lines. Therefore, the [O I] 63 dominates the gas cooling budget, in agreement with expectations for the dense star-forming ISM in DSFGs (Kaufman et al. 1999 (Kaufman et al. , 2006 Narayanan & Krumholz 2017) . (Narayanan & Krumholz 2017) , this suggests a very dense ISM in G09.83808.
[OI]/FIR and [OI]/[CII] ratios
PDR modelling
To derive the FUV field strength and density of the neutral ISM from the observed [O I], [C II] and FIR luminosities, we use the PDRToolbox photondominated region models (Kaufman et al. 2006; Pound & Wolfire 2008) . We adopt the following corrections to the default semi-infinite slab models: (1) as the molec- ular clouds in DSFGs are likely illuminated both from the front and back, we adjust the PDRToolbox predictions for the optical thickness of individuals tracers: while [C II] and FIR continuum are optically thin and the emission from both the front and back side of the cloud will be detected, the optically thick [O I] 63 (and CO) emission will be observed only from the front (c.f., Kaufman et al. 2006; Díaz-Santos et al. 2017; Brisbin et al. 2015; Rybak et al. 2019b;  (2) as the [C II] emission can arise from both neutral and ionized gas, we conservatively adjust the [C II] luminosity for 20 % ionized gas contribution (c.f., Herrera-Camus et al. 2018b ).
We adopt the solar-metallicity PDRToolbox model, as FIR indicators point to high (Z ≥ 1 Z ) metallicity in DSFGs (Wardlow et al. 2017) , and as our chosen tracers (FIR, [O I], [C II]) are only weakly dependent on Z (Kaufman et al. 1999) . Figure 4 shows the G-n space traced by the observed [O I] 63 /[C II] and [C II]/FIR ratios, in units of L . In terms of an idealized cloud, the [C II]/FIR is set by G which determines the depth of the C + layer, while the [O I] 63 /[C II] is determined by the gas density.
We obtain a best-fitting model of G = 10 4.0±0.3 G 0 , n = 10 4.0±0.5 cm −3 . Assuming an optically thin [O I] 63 emission shifts the best-fitting G value by ∼0.1 dex, while n decreases by ∼0.5 dex. Changing the ionizedphase contribution to the [C II] emission moves the G, n values by ∼0.1 dex. The derived FUV field and density are comparable to the ISM conditions in z = 1 − 4 DSFGs inferred from the fine-structure lines (Wardlow et al. 2017 ) and [C II] and CO emission (Gullberg et al. 2015) , while ∼1 dex higher than in z ∼ 0 ULIRGs (Díaz-Santos et al. 2017 and z ≥ 1 source from Brisbin et al. (2015) , inferred from [C II] and [O I] 63 ). The difference with the Brisbin et al. (2015) sample is mainly due to their high [C II]/FIR ratios, which determine the G estimates.
Although the CO(5-4) and CO(6-5) lines were excluded from the PDR modelling, the CO(6-5)/(5-4) ratio is consistent with our solution. This is not surprising, as the ratio of the two lines depends mainly on the gas density and is basically unaffected by the CMB (da Cunha et al. 2013 ). On the other hand, the [C II]/CO(5-4) ratio is offset to much higher densities (n 10 5 cm −3 for G = 10 4 G 0 ). Given the strong dependence of the predicted mid/high-J CO luminosity to the elevated CMB temperature (da Cunha et al. 2013 ) which would shift the [C II]/CO(5-4) isocontour to lower densities, we do not consider this discrepancy to be significant.
If the [C II] emission is significantly more extended as the FIR continuum, the total [C II] luminosity associated with the FIR-traced star-forming region will decrease. These would push the PDR model towards higher G and n. Similarly, if a significant fraction of the [O I] 63 line is self-absorbed, the intrinsic [O I] 63 luminosity will increase, moving the best-fitting model to higher densities.
Detecting the [OI] 63-um emission from z 6
DSFGs with ALMA
What are the prospects of detecting the [O I] 63 line from z ≥ 6 non-lensed DSFGs with ALMA Band 9 observations? Figure 4 . FUV field G and density (n) in G09.83808 inferred using the PDRToolbox models (Kaufman et al. 2006; Pound & Wolfire 2008) , compared to other unresolved studies of DSFGs at z = 1 − 5 (Brisbin et al. 2015; Gullberg et al. 2015; Wardlow et al. 2017) Assuming that the intrinsic (i.e., de-lensed) properties of G09.83808 are representative of the z ≥ 6 DSFG population, i.e. with [O I] 63 source-plane luminosity of 5.8 × 10 9 L over ∼ 100 km s −1 linewidth, the [O I] 63 emission will be detectable at ≥5σ level in less than 15 min on-source time. At z ≥ 6.8, the [O I] 63 shifts outside the Band 9, and is only redshifted into Band 8 at z ≥ 8.5, when the required on-source time increases into hours. In contrast to G09.83808-like sources, detecting the [O I] 63 emission from normal star-forming galaxies such as the population from the Olsen et al. The modest expense of ALMA time required to detect the [O I] 63 emission from G09.83808-like DSFGs will allow an efficient follow-up of z 6 DSFGs which will be delivered by the on-going and planned mm-wave surveys (e.g., Casey et al. 2018; Zavala et al. 2018a; Magnelli et al. 2019 line is in agreement with radiative transfer models of star-forming galaxies (e.g., Kaufman et al. 1999 Kaufman et al. , 2006 Narayanan & Krumholz 2017; Olsen et al. 2017 145 observations are necessary to distinguish between the two scenarios.
• Using the photon-dissociation region models of Kaufman et al. (2006) ; Pound & Wolfire (2008) , we derive a source-averaged FUV field strength G = 10 4 G 0 and density n = 10 4.0 cm −3 . These are comparable to source-averaged values for z = 1−4 DSFG samples, and ≥1 dex higher than sourceaveraged values in z ∼ 0 ULIRGs. 
